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ABSTRACT
Analytical ultracentrifugation is a classical method of biochemistry and molec-
ular biology. Because it is a primary technique, sedimentation can provide first-
principle hydrodynamic and first-principle thermodynamic information for nearly
any molecule, in a wide range of solvents and over a wide range of solute concen-
trations. For many questions, it is the technique of choice. This review stresses
what information is available from analytical ultracentrifugation and how that
information is being extracted and used in contemporary applications.
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INTRODUCTION

Analytical ultracentrifugation is a classical method of biochemistry and molec-
ular biology. Because analytical ultracentrifugation relies on the principal prop-
erty of mass and the fundamental laws of gravitation, it has broad applicability.
Itis a primary technique requiring no standards for comparison. Sedimentation
can be used to analyze the solution behavior of nearly any molecule over a wide
range of solute concentrations and in a wide variety of solvents. Thus, while
low concentration regimes are of interest for analyzing tight associations, the
ability to characterize the thermodynamic behavior of a macromolecule at high
concentrations makes ultracentrifugation a good adjunct for drug formulation
studies, NMR, or crystallography. Add to these merits the facts that sedimenta-
tion is nondestructive, rapid, and simple, and it is easy to see why it has endured
for more than 70 years.

Analytical ultracentrifugation provides two complementary views of solution
behavior (Figure 1). Although the same instrument is used, different experimen-
tal protocols are employed. Sedimentation velocity provides first-principle,
hydrodynamic information about the size and shape of a molecule, whereas
sedimentation equilibrium provides first-principle, thermodynamic informa-
tion about the solution molar mass, association constants, stoichiometries, and
solution nonideality. For many questions, there is no substitute method of
analysis.

History

For newcomers to the field, it is important to realize that the early literature
is relevant. A history of analytical ultracentrifugation is available (135), and
excellent books and reviews by Svedberg (131), Schachman (115), Williams
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Figure 1 Two complementary methods are available using an analytical ultracentrifuge. Inter-
ference images are shown in which the vertical displacement of fringes is proportional to the
concentration at each radial position. For sedimentation velo&jts fiigh rotor speed and a long
solution column is used to maximize the resolution of species. The sedimentation coefficient, s,
is determined from the rate of boundary movement, whereas the rate of boundary spreading is
used to determine the diffusion coefficient, D. These two quantities describe the hydrodynamics
of a molecule, while their ratio, s/D, can be used to determine its buoyant mass. For mixtures of
molecules, itis possible to determing, fdr each species forming a discrete boundary. Sedimenta-
tion equilibrium analysisE) uses lower rotor speeds and shorter solution columns. At equilibrium,
the flux of sedimenting molecules is exactly balanced by the flux of diffusing molecules at each
radial position. Analysis of the resulting concentration distribution provides insight into the ther-
modynamic behavior of the sedimenting species. Solution molar masses, association constants,
association stoichiometries, and nonideality coefficients may be determined.

(141, 142), Cassasa & Eisenberg (14), and Fuijita (33) cover the invariant foun-
dations of ultracentrifugation. More recent books (44, 85, 102, 119) and reviews
(37, 38) cover many of the improvements made in the past decade.

This review will stress what information is available from analytical ultracen-
trifugation using the Beckman-Coulter XLI equipped with absorbance and in-
terference optical detectors (65). In so doing, it will neglect techniques that use
preparative centrifuges and post-sedimentation analysis (5, 6, 22, 54, 87, 107).
Also, density gradient and sucrose gradient sedimentation are not covered
(81,82,88,106, 129). Finally, there is a vast literature on the methods of anal-
ysis of sedimentation data. Space limitations prevent a comprehensive review
of each technique. Instead, references are made to the pertinent literature.
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GENERAL FEATURES

Sedimentation velocity and sedimentation equilibrium share several features.
For both methods, the fundamental measurement is the concentration as a func-
tion of radial position. Interpretation of these data requires knowledge of the
rotor speed, temperature, elapsed time, viscosity, and buoyancy.

Concentration Distribution

The concentration distribution is required for analysis of sedimentation data. Is-
sues surrounding the measurement of the concentration distribution include the
precision, accuracy, linearity, range, sensitivity, and selectivity with which it
can be determined. Both absorbance and interference detectors are commonly
used (65).

Absorbance detection provides greater selectivity and, depending on the char-
acteristics of the solute and solvent, superior sensitivity. Obviously, use of ab-
sorbance detection is limited to samples that absorb light and buffers that do
not. For the XLI, the linearity of the absorbance system is best below about
1.5 OD. This means that the concentration range may be limited, though this
often can be overcome by combining data acquired at different wavelengths.

Interference detection provides a signal that is proportional to the difference
in refractive index between a sample and a reference solution. This optical sys-
tem provides superior linearity, range, and accuracy compared to the absorbance
system, but it offers no selectivity. There is no need for a chromophore, which
makes it useful for working with nonabsorbing materials such as polysaccha-
rides. The sensitivity of interference detection is roughly comparable to that
of the absorbance system for proteins at 280 nm (65). The linearity is limited
only by the quality of the optics, and accurate data can be obtained at very high
concentrations (150).

Recently, fluorescence/luminescence optics have been described for the XLI
(66). While the range, linearity, and precision are still being characterized, it
appears that the superior sensitivity and selectivity of the fluorescence detection
will be useful.

Rotor Speed and Temperature

Rotor speed is expressed as the angular velaeityn cgs units, where =
P25 The rotor speed is readily determined from the period of rotation, and
is maintained with great accuracy (71).

The temperature must be known and stable. Thisis especially true for velocity
sedimentation because of the large temperature dependence of viscosity. Two
sensors provide temperature readings for the XLI, with a radiometer being used
at chamber pressures below 10®. Temperature is regulated by a proportional
control, which provides an accuracy and stability better tHa@.1°C. The
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accuracy of this system can be checked using the absorbance optics and solutions
of ethanolic cobalt chloride (55, 128).

Elapsed Time

Two different elapsed times are pertinent in analytical ultracentrifugation. The
first is the reduced sedimentation timfey?t, which is needed for determining

the sedimentation coefficient. The second is the time from the start of the
experiment, t, which is needed to determine the diffusion coefficient. The XLI
maintains both t and'w?t (as)_ w?At) updated at 1-second intervals. These
values are calculated and stored by the centrifuge hardware and accessed by
the software from the external computer.

Viscosity

Viscosity is a solution property that inversely affects sedimentation velocity
(148). The viscosity of an aqueous solution depends strongly on its temperature
and the concentration of macromolecules, and more weakly on the concentra-
tion of salts and other small solutes. Observed sedimentation coefficients, s
must be corrected to the standard conditions of pure water & @@low). For
agueous solutions containing low concentratiog6.2 M) of salts, the con-
centration corrections are relatively minor; the temperature correction usually
is taken to be the same as that for pure water (69). The solvent viscosity does
not affect the final concentration distribution in sedimentation equilibrium, but
does affect the time needed to reach equilibrium directly.

Buoyancy

Archimedes’ buoyancy principle applies at the molecular level. Consequently,
the apparent net mass of a particle in solution is the anhydrous particle mass less
the mass of the solvent it displaces. If M is the solute molar mass (expressed
in g/mole), the displaced solvent mass is Mwherev is the solute’s partial
specific volume (in ml/g) ang is thesolventdensity (in g/ml) (134). Itis the
net, or buoyant, mass, M= M(1 — vp), that always appears in sedimentation
equations.

To a first approximatiory is the reciprocal of the density of the solute. The
packing of solvent molecules around a particle also influenc&€®r example,
a charged particle will compact polar solvent in its vicinity, leading to a smaller
value ofv than otherwise might be anticipated (84). Partial specific volume can
be measured from the density increment (28-30, 133) or from density perturba-
tion sedimentation equilibrium (31) or can be calculated from the composition
(32,69, 84,97).

Any error in the buoyancy term propagates as a threefold error in M. Hence,
accurate values afandp are needed to calculate M from sedimentation data. It
is relatively simple to measure or calculatéo within a few tenths of a percent



80 LAUE & STAFFORD

error, ands typically can be estimated to within 1%. This means that for a pure
sample exhibiting ideal solution behavior, M can be determined to within 3%
without difficulty.

Advantage can be taken of the fact thias primarily a property of a solute,
whereap is a property solely of the solvent. Through appropriate adjustment of
o with D,0 or D,*0 (i.e. to make +-vp = 0), amolecule can be made neutrally
buoyant (i.e. it neither sediments nor floats), so that it does not contribute to the
buoyant mass of other macromolecules to which it binds. This property can be
of tremendous use when examining proteins in detergent-containing solvents.
(86,104, 105,111,112,132,139).

SEDIMENTATION VELOCITY

Sedimentation of a Single Species
While a rigorous derivation of the sedimentation velocity equation can be made
using the framework of nonequilibrium thermodynamics (134), a more intuitive
approach considers the balance of forces on a particle in a gravitational field.
When the gravitational field is first applied, the particles come to a constant ve-
locity almost instantaneously. Since the velocity is constant, there can be no net
force, meaning the gravitational and frictional forces are exactly balanced.
The gravitational force is Mw?r, where r is the distance from the center
of rotation (in cm). Bothw? and r are determined automatically and with
great accuracy by the analytical ultracentrifuge. The frictional force is directly
proportional to the particle’s Stokes radiug,a@Rd velocity, dfdt, as well as to
the solution viscosityy. The frictional force is written as f ddt, where fis the
translational frictional coefficient. The interpretation of f is discussed below.
With few exceptions (21), there is no alignment of particles in the gravitational
field, so f is a property of the entire molecule.
The balance of forces leads to,Mfr = fdr/dt, which is rearranged to give
the two definitions of the apparent sedimentation coefficiént, s

velocity — §  dinr My

s* T = =
acceleration w?r @?dt f

The first definition, d Infw? dt, describes the experimental observations needed
for the measurement of swhereas the second definition, M involves the
properties of the particle and solvent. Since the buoyant mass (for incompress-
ible solvents) and the frictional coefficients are constanis a constant. The
sedimentation coefficient contains both thermodynamic information, through
My, and hydrodynamic information, through f. An independent determination
of either M or f must be available to interprétfairther.
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The velocity of a boundary (Figure 2) can be determined as the distance
moved from the meniscus divided by the reduced sedimentation time. Thus, it
is possible to determiné grom:

< In#
o fa)z dt’

where , is the meniscus position. For any given time, Equation 2 can be used
to transform the radial axis into ahaxis. This transformation is used by many
of the modern analysis methods (below).

Diffusion

Diffusion causes the boundary to spread as it moves down the cell (Figure 2).
Since there is no net force on the molecules during sedimentation, boundary
spreading is independent of sedimentation, and is described by Fick’s first law.
The diffusive flux, g, of material at a point, r, in the concentration boundary
obeys:

ac
b=-D = 3,
i <ar>t
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Figure 2 Absorbance distributions at 240 nm acquired at 20-min intervals during a sedimentation
velocity experiment with porcine pancreatic ribonucleas2 fng/ml) at 20C and 60,000 rpm in

100 mM KCI, 10 mM BisTrisPropane, pH 6.5. The meniscus positigf is marked, as is the
region where the plateau concentrati@)(can be measured. The plateau concentration decreases
with time due to the sector shape of the cell. The sector shape is required to keep the walls parallel
to the radially directed gravitational force.
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where c is the concentration. Several analysis methods provide estimates of the
translational diffusion coefficient, D, in addition to determinirig $his is of
great use because of the Einstein-Boltzmann-Sutherland relationship between
Dandf:

p- e, a

f

where kg is Boltzmann’s constant and T is the absolute temperature. It must be
stressed that this interpretation of boundary spreading is valid only for dilute
solutions. At higher concentrations, both thermodynamic and hydrodynamic
nonideality may distort the boundary shape.

Hydrodynamic Nonideality

Hydrodynamic nonideality results from the counterflow of solvent from a sedi-
menting particle slowing the motion of a neighboring particle (41-43, 95, 113).
Since the solvent flow is in the direction opposite to sedimentatide aways
decreased by hydrodynamic nonideality. It can be shown that a graptsof 1
versus c, over a wide range of concentrations, yields a straight line with slope
k. If the charge effects between particles are smaltak provide a sensitive
measure of molecular asymmetry:

3
ks=2\7{v—_s+[i] } 5.
\Y fo

where \ is the specific volume of the solvated particle agdsfthe mini-
mum frictional coefficient (69). There is no adequate interpretation fafr k
charge effects are significant. However, for an uncharged sphgse;-R.004
ml/mg. This value increases by almost two orders of magnitude for asymmetric
molecules (40-43, 113). Sincé san easily be measured with a precision of
1-2%, hydrodynamic nonideality will not be significant for spherical molecules
at concentrations~5 mg/ml. However, for more asymmetric molecules, the
effects can be apparent at concentrations below 0.1 mg/ml (42, 43). For a non-
associating system, it is best to extrapolate values tif 6 = 0, yielding $.
Hydrodynamic nonideality also influences the shape of a sedimenting bound-
ary. However, both thermodynamic and hydrodynamic nonideality influence
boundary spreading, with the former increasing the rate of spreading, while
the latter sharpens a boundary. Thus, for an accurate determination of D, it is
important to extrapolate measurements te €, yielding .

Correction of § and D to Standard Conditions

Both € and ¥ are dependent on properties of both the solute and of the solvent.
It is desirable to have s and D in a form that makes them dependent only
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on the solute properties (i.e. Mwnd f), so that values acquired at different
temperatures or in different solvents may be compared and discussed in terms
of changes to the solute. To account for the solvent properfiés asljusted

for the solvent effects on buoyancy (througlandv), and both $and ¥ are
adjusted for the solvent effects on f (through the viscosi}y, The standard
conditions used for sedimentation are those of pure water’&t. Zthe values

of s and D at standard conditions are calculated as

(1—Vp)Th 120,
%O,W =g v b
(1—vp)aow NTb
D2ow = D° <_’720,w>’
' nT,b
where values for water at 20 are denoted by subscripts 20,w, and values
for the solvent at the experimental temperature are denoted by subscripts T,b
(28, 69).

Determining M,

One of the earliest uses for analytical ultracentrifugation was the determina-
tion of the molecular weight of dissolved macromolecules using the Svedberg
equation:

" RT

s
D

~13-=

where R is the cgs gas constant (8.314.0" erg/mole2K). Notice that s and D

do not have to be adjusted to standard conditions to determjnkedwWever, the
accuracy of this method does depend on both thermodynamic and hydrodynamic
ideality holding. Also,p andv need to be determined for the experimental
conditions to calculate M from il Because itis not difficult to analyze globular
proteins under conditions where ideality holds, sedimentation velocity provides
a rapid and simple means of determining solution molecular weights with a
precision of about 5%.

Interpretation of §,,,

IfM is known, itis possible tointerpreds, interms of the frictional coefficient
ofthe solute. The frictional coefficient, inturn, is dependent on the Stokes radius
of a particle, R, and the solvent viscosity: £ 6rnRs. Both the solvation

and the shape of the particle affect RThe solvation is important because
the sedimenting particle drags a shell of solvent with it, thus increasing its
effective size. In aqueous solutions, the concept of solvation is replaced by
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that of hydration, which usually falls into the range of 0.3-0.4.®H-solute
(69).

The shape of the particle also affects f, with spherical particles having the
smallest possible friction for a given mass. The effect of shapggpis in-
terpreted using one of two approaches. The first, referred to as the whole-body
approach, expresses f in terms of generalized ellipsoids of revolution and is
based on the pioneering work of Perrin (39, 40). This method yields the princi-
pal axes of an ellipsoid as a structural description of the sedimenting particle.
The second approach is an extension of the Kirkwood-Bloomfield analysis in
which a structure is represented by beads arranged in space (13, 23, 24). The
intrinsic frictional force of each bead is adjusted by the velocity of the local
solvent, which is being dragged in the same direction by adjacent beads. These
forces are summed to give the frictional force on the whole particle. Ordinarily
this method is used for solutes for which there is already good structural infor-
mation (e.g. for a subunit) when questions are being asked about the solution
conformation (92). Both methods use models to try to extract multiple parame-
ters from a single measurement, f. Thus, both are subject to error if underlying
assumptions are not met.

Multiple Components

In the simplest case of a mixture of noninteracting components, a separate
boundary will form for each component in solution. If well-resolved, and under
conditions where hydrodynamic and thermodynamic ideality hold, each bound-
ary can be analyzed separately to get estimates, camd f. This method of
analysis has found recent use in the analysis of the stoichiometry and the shape
of antigen-antibody complexes where the assemblies are sufficiently stable to
be considered distinct species (76).

Sedimenting boundaries often overlap. Sometimes it is possible to resolve
them using time-derivative methods and Gaussian deconvolution (125, 127).
More often, though, overlapping boundaries cannot be resolved. In such cases,
a well-defined average sedimentation coefficient can still be determined. Con-
sider the rate at which the plateau region (Figure 2) is depleted. This rate
reflects the concentrations, and sedimentation coefficients, af all species
in a mixture. The weight-average sedimentation coefficgptis

Zsci
Zq

It can be shown (142) that the equivalent information is available from monitor-
ing the rate of movement of the second moment of the concentration distribution.

Sy =
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The determination of the second moment position has been largely automated,
sos, is easily determined.

The weight-average D is not available from a sedimentation velocity exper-
iment. Instead, the gradient-averadk, is obtained at the second moment
position. The ratio o&,/Dg does not yield a well-defined average molecular
weight, because the averaggsandDy are of a different nature.

There are hydrodynamic consequences of having multiple species present.
One is the Ogston-Johnston effect, which arises because the faster species in a
mixture sediment in a solution containing the slower moving species, whereas
the slowest moving species sediments in pure solvent (58, 95). This effect not
only results in inaccuracies when determining the sedimentation coefficients,
but also can adversely affect the accuracy of concentration determinations of
the different components.

Interacting Systems

The sedimentation velocity behavior of an interacting system is more compli-
cated than that of an equivalent mixture of noninteracting components. The
complexity arises from the coupling of transport with the mass-action re-
equilibration of the transiently formed complexes (11). Consequences include
boundaries whose shapes vary with total concentration, and valsg<udt,

in the absence of hydrodynamic nonideality, increase with increasing concen-
tration (62, 77-79). The rate of re-equilibration relative to the rate of transport
determines the boundary shape (11). The two limiting cases, instantaneously
fast or infinitely slow re-equilibration, give rise to boundary shapes that are
independent of rotor speed. The intermediate case of kinetically limited re-
equilibration results in boundary shapes that depend on the sedimentation rate.
Infinitely slow re-equilibration is observed if the rate of dissociation occurs
on a time scale of 30 minutes or greater. Instantaneously fast re-equilibration
will be observed if disassociation rates occur on a time scale®f. sec-

ond or less. All cases may be analyzed profitably, though, if the system is
at equilibrium at the start of an experiment (11, 126). If the kinetics are not
infinitely slow, the boundaries observed in a re-equilibrating system do not
correspond to individual species. Instead, they always consist of a mixture of
species, and are called reaction boundaries. The only possible exception to this
is the slowest moving boundary, which may correspond to the smallest species
(11).

Frequently, the kinetics and thermodynamics of an interacting system are
influenced by the binding of small ligands. In such cases, the shape of the
reaction boundaries may be influenced by the local concentration of the ligand
(11, 12), particularly if the free ligand concentration is depleted significantly
by the sedimenting macromolecule (140). In such cases, valuable information
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is available from the analysis of experiments conducted at varying ligand
concentrations.

Methods of Analysis

Because of the wealth of information available on multicomponent and interact-
ing systems, the analysis of sedimentation velocity experiments is an active area
ofresearch (7, 18, 25, 47,118, 136). Demeler has largely automated the produc-
tion of graphs that provide diagnostics for ideal sedimentation, hydrodynamic
nonideality, thermodynamic nonideality, and interacting systems (25, 136). De-
tailed analyses for s and D are available from curve-fitting methods based on
solutions of the Lamm equation (7, 47-49, 98, 117). The recent development
of a time-derivative method, resulting in vastly improved signal-to-noise ratios,
also allows for determination of s and D from complex mixtures (125) and for
the analysis of interacting systems (126). Finally, fast computers and efficient
algorithms have permitted the use of finite-element simulations as fitting func-
tions (117). This opens the way for direct fitting to the transport equations
for interacting systems and ligand-linked interacting systems (127). A recent
review of these methods is available (18).

SEDIMENTATION EQUILIBRIUM

The defining characteristic of sedimentation equilibrium is the time-invariant
concentration gradient that develops as the flux of sedimenting molecules is
exactly balanced by the flux of diffusing molecules at each point in the cell. No
distinct boundaries are observed; instead a smooth gradient is seen (Figures 1
and 3). Hydrodynamics affect the length of time needed to reach equilibrium,
but only thermodynamics affect the equilibrium concentration gradient.

The equations that describe sedimentation equilibrium may be derived from
a number of approaches (14, 33, 35, 134, 142). Two approaches are used in this
review. The first is based on the balance of fluxes and is used when discussing
the processes that contribute to equilibrium. The second is based on the balance
of energies and is used when discussing the thermodynamics of an equilibrium
distribution.

Processes Leading to Equilibrium

For a single, thermodynamically ideal component, an equation describing sed-
imentation equilibrium is obtained from an analysis of the flux of material, in
moles per second per énpassing through a plane, P, of area A (Figure 3). The
flux through P due to sedimentatiog, i3 the concentration of macromolecules
times their velocity: J= ¥ = C‘i"z’, where the velocity, v, is defined in
terms of the sedimentation coefficient (Equation 1). The flux through P due to
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A C(r)

r >

Figure 3 A schematic of the process of sedimentation equilibrium. A solution containing macro-
molecules is confined to the region between the air-liquid meniggsafd the base of the cell
(rp). The gravitational field points from left to right and is directed along the radial g)i#\( any

point on this axis, the gravitational field is equakifr.

diffusion is described by Fick’s first law (Equation 3). At equilibrium, these
two fluxes are equal, so that@% = Dﬂ—f. Collecting terms, this becomes

sw? 1dc dinc

D rcdr do

or

Mba)2
o= ——,

RT

where the first definition of is in terms of the experimental variables c and r,
and the second definition is in terms of the molecular weight. The sensitivity
of o to rotor speed makes sedimentation equilibrium useful over a wide range
of molecular weights.

Integration of Equation 9 yields

9.

rz—rg
c(r) = G 7~ = Coe?, 10.

where g is the concentration at a reference radiysando is the exponent
(153). This simple equation is the starting point for understanding more com-
plex systems.
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Generally, a sedimentation equilibrium experiment is conducted at rotor
speeds that result in values efbetween 2 and 15 cm. Under these cir-
cumstances, and for a typical cell height of 3 mm, the concentration at the
base of the cell is about 2 to 10 times the concentration at the meniscus (150).
Generally, several dilutions of a sample are examined simultaneously, and at
differentrotor speeds, yielding several thousand data points spanning a 100-fold
or greater concentration range. The availability of data from such a wide con-
centration range makes it possible to accurately describe the solution behavior
of a molecule.

Time to Reach Equilibrium

The exact length of time needed to establish sedimentation equilibrium is a
complicated function of the experimental parameters and cannot be accurately
predicted exceptinthe simplestcases (8, 20, 83, 149, 150). Although attainment
of equilibrium is determined empirically, the approximate time needed follows a
few simple rules. In general, repulsive thermodynamic nonideality will shorten
the time needed to achieve equilibrium. On the other hand, the equilibration
time increases as the square of the distance from the meniscus to the base of a
solution column. Thus, the use of shorter solution columns will speed up equi-
librium considerably, although with loss of precision (20, 63, 149). The time
needed to reach equilibrium also increases proportionally with the viscosity of
the sample. Furthermore, kinetic processes, such as mass-action associations,
may increase the time needed to reach equilibrium. In extreme cases, slow ki-
netic processes may prevent equilibrium from being established in a reasonable
time period. This is discussed further below.

An empirical demonstration of equilibrium is often made by looking for a
zero concentration difference when two concentration profiles, taken an hour or
so apart, are subtracted (150). A better procedure is to monitor the minimized
average differences in concentration profiles over time, such as is done by
MATCH (David Yphantis and Jeff Lary, available from ftp://rasmb.bbri.org).
The results from MATCH also indicate the intrinsic noise level of the data.
This is useful information when analyzing data using a nonlinear least-squares
approach.

Ideal Solutions

Goldberg showed that sedimentation equilibrium results in a thermodynamic
system in which the total internal energy (E) is minimized at each position in
the cell (33, 35). At each point the gravitational potential energy of a particle,
—%Mba)zrz, is exactly balanced by its electrochemical potential enetgy,
The energetic contributions to sedimentation equilibrium can be understood
from consideration of this balance. For example, the gravitational potential will
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vary if My, varies with pressure (that is, with r). This would be expected if a
solvent is compressible, leading to an increasing density with r and therefore
a decreasing Mwith r (34). Similarly, pressure-dependent changeg wnill
affect the gravitational potential through its influence op M

Fortunately, M is constant for biological molecules in agueous solutions.
Thus, the concentration gradient that develops can be analyzed in terms of the
electrochemical potential of the solute. There are several contributions to the
electrochemical potential, including the inevitable concentration gradients in
the solvent components (14), the Donnan potentials that result from the differ-
ences in sedimentation of a macromolecule and its counterions (9, 10, 19, 26,
110,150, 152, 153), and the concentration dependence of the chemical poten-
tial of the macromolecule. Because it is this latter information that is usually
sought in a sedimentation equilibrium experiment, it is necessary to minimize
the first two contributions.

If a solute is brought to dialysis equilibrium with the solvent (i.e. the solution
is made isopotential with respect to the solvent components), the solvent can be
treated as a single component so long as the apparentisopotential partial specific
volume,¢, of the solute is known in that solvent (14). Under these conditions,
only the residual Donnan contributions must be considered, and these effects are
usually small so long as solvents of sufficient ionic strength are used (10, 110).
Fujita recently has extended this analysis to include compressible solvents
(34).

To be useful, though, the relationship betweeandv must be defined. For
proteins in dilute aqueous solvents, the variatio# imith solvent composition
is small, andv may be used in its place. Howeverwill differ significantly
from ¢ in aqueous solvents that contain high concentrations of a component
(e.g. 8-M urea) or that contain a component that binds to the protein in sig-
nificant levels (e.g. detergents). Methods have been developed to calculate
¢ for proteins in 6-M guanidinium chloride, 8-M urea, and certain other sol-
vents (4,59, 69, 72,100, 101). Likewise, there are data and methods available
for estimatingp in detergent-containing solutions (31, 104, 105, 130, 132). For
polyelectrolytes such as DN, can vary significantly with solvent composi-
tion and should be measured (28).

With these caveats removed, the concentration distribution observed in a
sedimentation equilibrium experiment is a direct reflection of the chemical
potential of the solute. However, it is the chemical potential related to the total
internal energy, E, that is observed, and not the chemical potential related to the
free energy, G. So long as a system is incompressible, the difference between
these two is insignificant. Hence, the energetics determined by sedimentation
equilibrium are usually reported asG. Although the use oAG is appropriate
for reactions involving only small volume changes in aqueous solutions, it
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will not be valid if there are pressure-dependent effects. Fortunately, pressure
dependence can be diagnosed and analyzed (45, 53, 60-62).

For a solution containing multiple ideal species, what usually can be mea-
sured is not the concentration of individual species, but rather the total concen-
tration of all species in the solution:

=Y Gn=>Y cue™. 11.

Ideal, Reversible Self-Associations

The equation describing reversible self-association in an otherwise ideal solu-
tion is obtained by expanding Equation 11 in terms of the species:

(N = G = Con€ + Cor™ + Coa™ + -, 12.

where g, ando , refertoreference concentration and reduced buoyant molecular
weight of the monomer, g ando , refer to these quantities for the dimer, and
so forth. For a reversible mass action associationg allare related, so that
0, = 20,03 = 304, €tc, solong agfor each species is the same. While thisis
generally a safe assumption, for cases whiésenot the same, the relationships
will be nonintegral. The monomer reference concentratignjlinked to the
other reference concentrationg,,¢hrough the equilibrium constant
[Con]

Katon = 1o 13
where [g] is the concentration of oligomer and,[és the monomer concentra-
tion. Substituting Equation 13 into Equation 12:

SUEDSLICED P WCL
= CO:LeU:ls + CglKa]_@zezals -+ Cg_-]_I‘(a:|_<:>36301E + ...

14.

Heterogeneous Mixtures

The equation describing the sedimentation equilibrium of a heterogeneous mix-
ture is obtained by expanding Equation 11 in terms of distinct components:

CN) =Y Coi€"* = Cor€™ + Cope’™ + Coge™ + -+ . 15.

However, unlike a reversible association, there is no relationship linking the
differento’s or reference concentrations. Equation 15, then, is the formula
describing the sedimentation of a heterogeneous mixture. Because the decon-
volution of sums of exponentials is an ill-posed problem, sedimentation equi-
librium is a poor choice to characterize such mixtures. A far better approach is
to fractionate the solution and then characterize the isolated components.
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Multiple Components Versus Multiple Species

The differences between Equations 14 and 15 reveal an important distinction
between a thermodynamic component, whose concentration must be indepen-
dently specified, and a molecular species. For a single kind of reversibly self-
associating protein (Equation 14), there is only one macromolecular component
(the monomer), but multiple species, one for each distinct assembly state (i.e.
dimer, trimer, etc). The different species are linked by freely reversible equi-
libria to the monomer concentration by an equilibrium constant.

The species/component concept becomes ambiguous when the reversibility
of an equilibrium is slow. The problem arises because the practical definition
of an equilibrium depends on the time scale of the observation. For example,
suppose a protein self-association occurs with kinetics that lead to a detectable
redistribution of species on a time scale of weeks. This system would appear
to reach sedimentation equilibrium and appear to be a heterogeneous mixture
of components, because the concentration distribution would remain virtually
unchanged over the relatively short period used to establish that the system is
at equilibrium.

While at first it might seem that sedimentation equilibrium can provide mis-
leading information, in fact, one of the most powerful aspects of sedimentation
equilibrium is that it removes any ambiguity about whether the data from an
experiment should be treated as a heterogeneous mixture or as a reversible as-
sociation (9, 20, 27,56, 109, 150, 151, 153). These two circumstances lead to
different circumstances concerning the concentration dependence and the rotor
speed dependence of the equilibrium concentration distributions, and only one
functional form (i.e. Equation 14 or Equation 15) will describe all of the data
(56).

Ideal, Reversible Heterogeneous Associations

There are two common situations that lead to heterogeneous associations. The
firstis where an otherwise seemingly homogeneous solution of monomers self-
associate, but with a range of equilibrium constants. One important example
that has been treated in detail is the case of solutions containing a fraction of
monomer that is unable to associate (151). There are other examples where
there appears to be an intrinsic heterogeneity in the propensity to self-associate
(121,122). In fact, careful scrutiny of nearly all self-associations seems to
reveal some heterogeneity. Experimental treatment of these systems is outside
the scope of this chapter, butthe reader should be aware that this can be observed.
The second situation occurs when a mixture of unlike molecules associate.
Some of the most interesting interacting biochemical systems involve reversible
associations between nonidentical components. More complicated expressions
must be derived that explicitly take into account the concentrations of each
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component and the various species:

cn =Y c

= Coi€" + ) CiKpem€™  self-association of component 1
m

+Co” + ) ChKiy, €% self-association of component 2
n

+ ) CoaCioKie k€7 TH7%  heteroassociation. 16.
i

Although extracting thermodynamic quantities for extremely complicated sys-
tems is still beyond the capabilities of sedimentation equilibrium, simple two-
component and three-component associations are amenable to study (3, 54, 64,
67,68,70,73,80,94,96,99, 103,114, 138). The first step in studying such a
system is to characterize the behavior of the individual components. Should
one of the components reversibly self-associate, then the analysis becomes more
difficult, though not intractable (67, 80, 96). Often, the analysis of a heteroge-
neous association is made easier by discriminating between components, either
by spectral enhancement (68, 120) or by spectral deconvolution (74, 116).

Nonideality

While reversible association is a form of nonideality, in the context of sedi-
mentation equilibrium the term nonideality is usually reserved for the repulsive
interactions between solute molecules. These interactions tend to increase the
apparent concentration, or chemical activity, @ a component, i, so that

& = i, with the nonideality coefficieng; > 1. It is g that is balanced by

the gravitational potential, buf that is measured by the optical systems. Be-
cause gis greater than;cthe effect of nonideality is to suppress the observed
concentration gradient.

The two contributions to nonideality are the volume occupied by the solute
molecules (i.e. the excluded volume) and the charge-charge repulsion between
like-charged solutes. Excluded volume contributions depend on the shape and
flexibility of a molecule and are entropic. Charge-repulsion contributions are
enthalpic; they increase as the pair-wise product of the charges on the particles
but decrease inversely with supporting electrolyte concentration. The two con-
tributions to nonideality are additive. Should the effects be not too severe, the
effects of nonideality can be included in Equations 11 or 14 by approximating
the activity as a virial expansion of the concentration (64, 75, 150, 151).

In vivo systems tend to be highly crowded with large, charged particles and
are, therefore, highly nonideal. Of particular interest has been the effect of non-
ideality on associating systems. Minton and Chatelier have argued effectively
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that macromolecular associations will tend to be enhanced, sometimes spectac-
ularly so, by molecular crowding (15-17, 89, 90). Wills and Winzor have come

to similar conclusions using a statistical thermodynamics approach in which
both attractive and repulsive terms can be incorporated (36, 143-145, 147).
Because these effects can be large, there is a great deal of interest in estimating
y; for conditions that mimic those found in living systems. The centrifuge is a
good candidate for such determinations because calculation of the gravitational
potential can provide an accurate estimate offhereas ds obtained by direct
measurement (15, 16, 89,91, 123, 143, 144, 147).

Methods of Analysis
Sedimentation equilibrium data can be analyzed by methods that fit into one of
two broad categories, graphical analysis (1, 2, 46,52, 108-110, 137, 146, 152)
or nonlinear least-squares fitting (50, 51, 56). Each of these methods has its ad-
vantages and disadvantages. The graphical methods, as exemplified by molec-
ular weight moment analysis (109, 124, 150) and the Omega (or Psi) analysis
(46, 93), provide direct, model-independent insight into the solution thermody-
namics. These graphs provide diagnostic information that can be useful guides
for subsequent nonlinear least-squares analyses. However, all graphical meth-
ods require manipulation of the data. Therefore, whereas it has been proposed
thatthe Omega analysis can be used for the extraction of thermodynamic param-
eters (46, 93), it has been pointed out that the manipulation of the data distorts
the error space without increasing the information content (57). Hence, it is
the authors’ opinion that the extraction of thermodynamic parameters should
be done by direct fitting of the data using nonlinear least-squares analysis (56).
Nonlinear least-squares analysis of the primary data [i.e. c(r) as a function
of r] is the most popular method for extracting thermodynamic parameters from
sedimentation equilibrium experiments, with NONLIN the most widely used
program for this purpose (56). What makes NONLIN particularly powerful is
that it permits the analysis of several data sets simultaneously, with some of
the fitting parameters considered global to all data sets and others considered
local to each data set. Data acquired at multiple rotor speeds, at different con-
centrations, and using both the absorbance and interference detectors may be
fit simultaneously. By analyzing large quantities of data acquired over a wide
range of concentrations, it is possible to obtain monomer molecular weights,
association constants, stoichiometries, and nonideality coefficients for moder-
ately complex systems (56, 64).

PROSPECTS

There is an increasing need to quantitatively characterize the interactions that
underlie all biological processes. Analytical ultracentrifugation is a primary
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technique that is nondestructive, rapid, and simple. It is one of the few meth-
ods available for producing thermodynamic and hydrodynamic information for
complex, highly nonideal solutions. With the new advances in hardware, lead-
ing to greater discrimination between species, and the rapid development of
analysis software, promising direct fitting to transport equations for interacting
systems, analytical ultracentrifugation is the technique of choice for providing
the guantitative characterization of molecular interactions. It is certain to be
a dominant force in the advancement of biophysics, biochemistry, and molec-
ular biology over the next 70 years, just as it was an essential factor in the
development of these fields over the last 70 years.
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